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Electronic properties of multiwalled carbon nanotubes in an embedded
vertical array
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We demonstrate integration of carbon nanotubes into large scale vertically aligned electrode arrays,
by filling the as-grown samples with conformal SiGsing chemical vapor deposition. Subsequent
mechanical polishing yields a flat surface with only the very ends of the nanotube array exposed.
The electronic properties of individual carbon nanotubes in the array are measured using
current-sensing atomic force microscopy. These vertical nanotube arrays are suitable for fabricating
various electronic devices and sensors. 2@02 American Institute of Physics.
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Carbon nanotube@&NTs) have attracted attention in the polishing procedure produced a rather flat surface with uni-
fabrication of transistors;® memories’ logic gates~" and  form CNT length of about 3:m buried in SiQ matrix.
chemical sensorfsThe fabrication of these devices typically Figure 1 shows the scanning electron microsc(@EM)
rely on CNTs randomly laid or grown on flat substrates. Forimages of the initial MWCNT array, the sample after TEOS
applications such as field-emission displays and electrode§VD and mechanical polishing, respectively. Very good
vertically aligned CNTs with controlled density are desifed. alignment can be observed both at 45° and normal to the
Recently, ultrahigh density of nanotransistors were reportegurface. After TEOS CVD, the sample was cleaved in the
using vertically aligned CNT array§8.We report here an ap- middle[Fig. 1(c)]. The TEOS CVD produces a quite confor-
proach to build vertically aligned CNT arrays which involves mal SiG; film covering both the underlying metal layer and
gap filling of the as-grown CNT array with SjOusing €ach CNT. The film around the top part of the CNTs is
chemical vapor depositiofiCVD) followed by mechanical slightly thicker than that at the bottom due to better accessi-
polishing. These steps, common in semiconductor proces#llity for TEOS vapor. The high density of the MWNT array
ing, produce a mechanically strong array with only the tipstesults in the Si@ film at the top part merged into grains
exposed. The uniform length and good alignment of CNTs irPver several microns in size while some irregular va@is—
the embedded array have advantages in field emission d800 nm remain at the bottom. Even though the voids pen-
vices, vertical transistors, and nanoelectrode based chemicg@irate deep in the film, they do not reach the metal underlay-

Sensoré_lllee also report here the topography and Conduc_ers. Electrochemical measurements with such Samples in
tivity distribution at the surface of the electrode usingSolution indicated that normally the metal films are not ac-

current-sensing atomic force microsco@SAFM) and the pessible to electrolyt_es. The voids can be reducgd by adopt-

electronic properties of individual CNTs usihgV spectros- NG & slower deposition rate at lower TEOS partial pressure

copy at various spots on the electrode. or by reducing the CNT density. The Sidilling greatly
First, vertically aligned multiwalled carbon nanotubes

(MWCNTs) were grown on silicon using an inductively

coupled plasm&lCP) as reported previously. For compari-

son, we obtained MWCNT sampledNanolab Inc., MA i

grown by dc hot-filament plasma CVH.The average height

of the MWCNTSs is 3—10um. The ICP samples have a thin

(10 nm Al layer at the bottom while the hot filament sample

has a thicker 200 nm) Ti or Mo layer. The MWCNT ar-

rays were subjected to a gap filling with Si@t 700°—-750°

in a CVD furnace using tetraethylorthosilicdtBEOS vapor

at 300 mTort*® The SiG film was thick enough to bury all

CNTs. The top surface of the samples after TEOS CVD was

found completely electrically insulated from the underlying

metal film and CNTs. A mechanical polishing step was then |

followed to remove the excess Si@Qntil electrical conduc-

tivity between two spots on the surface can be measured. Th ==

FIG. 1. SEM images of the initial MWCNT array from dc hot-filament

¥Electronic mail: jli@mail.arc.nasa.gov CVD (@ 45° view, and(b) top view, (c) cross section image of the array
YAlso at: ELORET Corporation. after TEOS CVD,(d) top view after mechanical polishing. The scale bars
9Also at: SETI Institute. are 1um, 500 nm, 2um, and 500 nm, respectively.
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improves the mechanical strength of the CNT array and al-
lows it to sustain the aggressive mechanical polishing. The
mechanical polishing removed the $Sion the top surface as
well as part of the CNTs, producing a composite film with
individual CNTs embedded in the SjOnatrix. CNTs were
found to preserve their integrity and alignment during these
steps. The top view SEM image in Fig(dl clearly shows a
similar distribution of CNT ends as the original sample.
Previous works on CNT transport mostly studied a side-
wall contact geometry by laying down CNT on a surfaceé.
The embedded CNT array here provides a model system in
which the electronic properties can be studied by point con-
tact at the tube ends. This system provides different informa-
tion from other studies. Particularly, in previous MWCNT
devices, mainly the outmost shell is in good contact with
electrodes and dominates their electronic propetfiéslt is
of interest to investigate the electronic properties of the em-
bedded vertically aligned CNTs in which many graphitic
shells are in contact with the metal contact. Since the pol-
ished sample presents a rather flat surface, AFM techniques
can be readily employed and additional electronic properties
can be measured with a Pt-coated tip connected with a cur-
rent sensing modut (Molecular Imaging, AZ. Figure 2a)
shows the deflection image of the polished sample. Most
CNTs uniformly protrude out of the SiCsurface by about 2
nm, which is likely due to their high mechanical resiliertée.
CNTs exhibit a uniform diameter around 100 nm which
agrees well with the initial sample in Fig(a. Figure Zb)
shows the current-sensing image obtained simultaneously
with the deflection image by applying a dc bias between the
metal underlayer and the Pt-coated AFM tip. Si® highly
insulating, so current can be observed only when the AFM
tip is in contact with CNTs. The size of the conducting spots
correlates very well with the physical size of CNTs in Figs. _ :
1(a) and 2a). We switched the bias front 8.0 to —12.0 mV Sl
in the middle of the image frame scanning topdown. As a " 4000 2000 3000 '&I;o'nn;*'_
result, t.he p.OIamy of the CL.”rent flipped O\./er with the bias .aSFIG. 2. (a) The deflection an¢b) the current-sensing image of an embedded
shown in Fig. Zc). Interestingly, the density and the ampli- MWCNT array after the polishing step simultaneously obtained with a
tude of the conducting spots increase when the magnitude @firrent-sensing AFM. The scan range is'5 xm?. The voltage between the

the bias is increased, indicating the sensitive/ correla- substrate and the tip is changed frer8.0 to —12.0 mV in the middle of
tion the image frame scanning topdown) The current profile along the vertical

. . . lines indicated in(@) and(b). The spikes correspond to the higher conduc-
Mos_t studies on eIeCtron'C. prppertles of CNTs rely ONyivity of carbon nanotubefindicated by the arrows ife) and(b)] compared
measuring thel-V curve of individual CNTs or CNT to the insulating SiQ matrix.

bundles one at a time after they have been laid or grown

horizontally on the surface and connected with metalany spot of SiQ surface, thd —V curve shows a flat line at
electrodes:™” With the CSAFM and embedded CNT arrays, 7+ 1 pA (due to the instrument offsetindicating a very
|-V curves of hundreds of individual CNTs can be investi-good electrical insulation.—V measurements on an embed-
gated quickly. Figure @) shows a typical -V curve for an  ded MWCNT array prepared by ICP CVD with CSAFM are
embedded MWCNT array prepared using hot-filament CVDshown in Fig. 8b). These CNTs showed similar alignment
These CNTs are highly conductive. TheV curve is essen- but a bigger variation in tube diameté30—80 nm com-
tially a straight line within the instrumental limits pared to the hot-filament CVD sample. As a result, ithe/
(=10 nA). The resistance of this single MWCNT is about curve shows a big variation, but most data fall in between the
310 K. Since the CSAFM can apply only a small bias two curves presented. ThekeV curves show a gap varying
(=3 mV) before the detector saturates, we also used a foufrom 0.3 to 1.0 V. A small portiorimuch less than one third
probe station(Desert Cryogenics, AZlinked with a semi- of the CNTs was found to exhibit lined—V curves. The
conductor parameter analyz¢6045B, Agilent, CA. As |-V measured on a four-probe station show a nonlinear fea-
shown in the inset of Fig. (@), a perfect linear curve is ture even though the probe is in contact with tens of CNTSs.
observed withint 5.0 V giving a resistance of 5.2k likely Note that these samples have only a thin layer of metal and
corresponding to about 60 MWCNTSs in parallel contact withany observed gap may be due to the contribution from both

the 25um diam probe. In comparison, if the AFM tip locates underlying metal film and CNTs. Raman scattering analysis
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10 , : the other end. This will produce a high resistance as well as
(a) defect-sensitive electronic properties.
5 ] In summary, we report fabrication of embedded verti-

cally aligned carbon nanotube arrays and characterization of
electronic properties of individual MWCNTs using CSAFM.

TImA Our approach is useful to fabricate large-scale nanoelectronic
devices in a vertical geometry such as crossbar-addressed
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